Recent global-scale assessments such as the 5th Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) have provided evidence of the rapid changes to the high-mountain cryosphere due to climate change [1, 2] . Glaciers, recognized as indicators or 'thermometers' of climate change, have been receding worldwide over the past century, and many glaciers are likely to disappear over the next several decades, leaving behind historically unprecedented landscapes. High mountains are commonly thought of as being remote, but human interactions with this environment are essential for many societies, and rapid biophysical changes can cause societal transformations.
glaciers, snow, and permafrost. Also, the ways in which human activities affect the high-mountain cryosphere, for instance mining, hydropower development, and tourism, have not been well documented. To understand these dynamic intersections between people and the cryosphere, it is crucial to integrate disciplines, to talk across boundaries, and to embrace concepts and methods applicable to coupled natural-human and social-ecological systems.
Risk is where the physical and human world are confronted and interact. Risks in high mountains, as in other regions, are dynamic and not static, which poses enormous challenges to basic and applied research. However, even at a primarily physical level the assessment of cryosphere hazards is often not adequately developed. Over the past years efforts therefore have been made to define standards, notably by GAPHAZ, the Standing Group on Glacier and Permafrost Hazards in Mountains of the International Association of Cryospheric Sciences (IACS) and International Permafrost Association (IPA) [4] . Standards are required to ensure an adequate level of quality and to avoid incorrect assessments with potentially adverse consequences, as experiences in the past have shown. Concepts and terminologies related to hazard and risk assessments must follow recently issued consensus statements such as from the United Nations institutions. GAPHAZ thereby noted on several occasions that there is still a lack of integration of physical/engineering and social aspects of glacier and permafrost hazards; and therefore communication and exchange between natural and social science experts must be strengthened.
This book offers new perspectives on the high-mountain cryosphere to address these gaps by assembling evidence from a broad range of natural and social science disciplines. It examines the intersections among different biophysical and social systems. The contributions provide evidence for interactions among climate and the different components of the cryosphere; among the cryosphere and geological processes; among climate, the cryosphere, and water resources; and among social, cultural, political, and economic processes and the high-mountain environment. As overarching questions, the book asks the following:
• What are the drivers of environmental, social, and economic change?
• How do those drivers interact and impact natural and human systems?
• What types of risks are related to these changes?
The book is divided into three main sections, each of which includes a number of chapters. The focus of the first section is global drivers acting on the highmountain cryosphere. The second section examines the range of biophysical processes operating in high mountains. The third section considers the consequences of high-mountain change and hazards, and how different societies respond to related risks.
Chapters in the first section of the book provide an integrated perspective on climate, economy, policy, and culture. These global drivers act on different scales of time and space, involve different processes, and yet are connected. The climate perspective is provided by two chapters, authored by Rangwala et al. and Salzmann et al. These two chapters show how the climate interacts with the cryosphere and the high-mountain environment. Large mountain systems are affected by large-scale circulation patterns, but themselves also affect the local and regional climate, for instance by forming topographic barriers that produce remarkable precipitation gradients, such as in the Andes or the Himalayas (Rangwala et al.). These interactions impact the natural environment and the societies living in high-mountain valleys. Climatic extremes have a similarly important effect on the cryosphere and high mountains, for example by producing a range of hazards including landslides, floods, and droughts. Documenting the high-mountain climate is a major challenge, even though an increasing number of ground, airborne, and spaceborne instruments support these efforts (Salzmann et al.). Starting with the climate-snow interface, Fuchs et al. demonstrate how socio-economic change and dynamics drive avalanche risks, how snow is important in economic terms, and how such risks are addressed in international policy agreements. The economic perspective is extended by Bury, who shows how the confluence of rapid economic growth, deepening integration of global markets, and burgeoning demand for natural resources are increasing mineral and energy extraction and are related to high-mountain and cryosphere changes.
Culture and cultural values are important, but often hidden, elements underpinning many social and political processes, and are of interest in high-mountain regions. As demonstrated by Jurt et al. in this book, cultural values are typically place-specific and their characteristics therefore need to be studied locally and in depth. At the same time, however, the collection of case studies in this chapter from the Andes, the US North Cascades, and the Alps underscore the transnational characteristics of mountain cultural values. Identity plays a central role in this discussion, and glaciers are part of the identity of people in high-mountain regions. It is notable in this context that the influence of anthropogenic climate change on glaciers over the past decades has recently been quantified [5] , raising questions of responsibility for loss of identity and cultural values.
The second section of the book is concerned with a rich and diverse range of processes that act on, and interact with, the high-mountain cryosphere. The chapters in this section offer a biophysical panorama while also highlighting the critical interface with society. Many high mountains coincide with tectonically and seismically active regions. The interplay of the high-mountain cryosphere with tectonic, seismic, and volcanic processes and a warming climate is still not sufficiently understood, but has important implications for people living in these areas and beyond, as the analysis by McGuire in this book demonstrates. The three chapters by Korup and Dunning, Krautblatter and Leith, and Rickenmann and Jakob shed light on fundamental aspects of mass turnover in high mountains. The processes act on a range of temporal and spatial scales, from continuous and regional scale to local scale, with potentially dramatic consequences for populations in the reach of such processes.
The search for causes, triggers, and drivers of both continuous processes and rare extreme events, and their changes over time, is a research field that has been stimulated in the context of climate change. The three components of the cryosphere -glaciers, permafrost, and snow -underlie, drive, and interact with a variety of surface processes. Surface and subsurface ice and snow typically are near the melting point and thus are sensitive to changes in boundary conditions, including meteorological and climatic conditions. This sensitivity of snow and ice, in concert with the high gravitational energy and steep topography, make high mountains places where a multitude of slow to very fast mass movements are threats to people. Cumulative effects of climate change on the cryosphere, such as glacier shrinkage, lake formation, permafrost degradation, and exposure of unconsolidated sediment due to glacier retreat, can result in sudden and rapid extreme events.
The sensitivity of the cryosphere to environmental changes also has implications for water resources. Water produced by melting snow and glaciers is a significant element of the hydrologic cycle in all high-mountain regions, and societies and economies directly depend on it, as Mark et al. demonstrate in their chapter. Concern is mounting that shrinking glaciers and rising snowlines are negatively affecting agriculture, hydroelectric power generation, and local livelihoods, especially in regions with distinct dry seasons such as the Andes. The transition of ice to water operates at different spatial and temporal scales, and is therefore not easily captured in current models. In several high-mountain and downstream regions, water scarcity and episodic excess are important hazards and risks. Quincey and Carrivick provide insights into some of the Earth's most extreme floods that occur from glacial lakes and can have far-reaching impacts on downstream populations.
The fragility and sensitivity of high-mountain ecosystems are clear from Young's contribution to this book. He focuses on landscape and ecological changes in tropical mountains. A fascinating picture of cryosphere, high-mountain wetland, treeline, and other environmental changes emerges, placed in the context of land use, including animal grazing, burning, mining, deforestation/afforestation, and trekking.
The third and final section of the book substantially extends the social perspective and again integrates the human dimension into the cryosphere and high-mountain processes. Diemberger et al. start the section by offering unique insights into how local and indigenous people in the Himalayas of Tibet perceive their environment, how their livelihoods are affected by cryosphere and high-mountain change, and how they respond to those changes. For instance, Tibetans see mountains as the 'owners of the land' that eventually control and enable human livelihoods. Snow and ice are the honor of the mountains, and hence their decline and loss goes far beyond the physical impacts by touching deeply upon beliefs and identity. The local perspective is deepened by learning how these people cope with hazards such as floods and how they make use of a broad range of knowledge to evaluate risks and develop risk-reduction strategies.
The two chapters by Waitt et al. and Stoffel and Graf remind us about the impacts and consequences of processes involving interactions among climate, the cryosphere, volcanoes, and geomorphic systems. Volcanic activity and eruptions that interact with snow and ice can be disastrous for humans and can change landscapes, as for instance the cases of Mount St. Helens and the Iceland volcanic eruptions have shown. Floods resulting from the rapid melt of snow and ice on volcanoes can have extreme magnitudes, comparable or even larger than large glacial lake outburst floods (GLOFs). Eruptions from Nevado del Huila volcano in the Cordillera Central in Colombia in 2007 and 2008 produced extremely large volcanic debris flows (lahars) that reached as far as 150 km downstream, destroying infrastructure and population centers [6] . In the mid 1990s, similar mass flows killed as many as 1000 people. In the case of the 2007 and 2008 events, the death toll was limited to a few people, demonstrating the efficacy of early warning and disaster preparedness efforts that have been undertaken in recent years.
The debris flows in an alpine valley in Switzerland described by Stoffel and Graf are much smaller than the Colombian examples mentioned above, but nevertheless have consequences for vital transportation and tourism infrastructure. Their study provides insights into the effects of local-scale climatic changes, including heavy precipitation and thawing permafrost, on debris flow activity and shows the complexity and diversity of processes that eventually have implications for the local economy.
The consequences and responses of the convergence of the effects of climate, the cryosphere, and local and international economies are highlighted in this book by French et al. They analyze how social conflicts over water emerge, evolve, and are resolved. They build on the contributions by Bury, Mark et al., and Diemberger et al. by putting water resources in their fundamental local and regional social contexts. In Peru, for example, a large number of social conflicts are related to water resources, underlining the importance of developing and applying more integrated approaches to intersecting cryospheric and global changes [7] .
The sections and individual chapters of this book deepen understanding of the wide range of processes, both natural and human, that impact or interact with the high-mountain cryosphere. They should stimulate thinking about the drivers of change and how they converge locally or regionally and produce patterns of risk or opportunities. The need and the challenge to adapt to the pace of change in mountains clearly emerge as a critical recommendation from this book. In AR5, the IPCC emphasizes adaptation in relation to climate change, as it enables societies to reduce and manage risks [1] . The ability of high-mountain socialecological systems to adjust to the pace and extent of cryospheric change will be tested in the next several decades. This book demonstrates that sustainable adaptation and risk-reduction strategies require a profound understanding of the complex interplay of physical processes and society. A thorough understanding of dynamic environmental, social, cultural, economic, and political forces is imperative both to expand knowledge and adapt to global change.
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Introduction
Climate variability and its association with large-scale atmospheric circulation has a major influence on the transport of moisture and heat from the oceans to the continents on interannual to decadal timescales, thereby affecting snow and ice accumulation in mountains on these same timescales. This internal variability of the Earth's climate system is modulated primarily by processes related to ocean circulation that produce variations in the ocean surface conditions on interannual to interdecadal timescales. These, in turn, are communicated to the overlying atmosphere and help shape the large-scale atmospheric patterns, also referred to as atmospheric teleconnections, that eventually affect the characteristics of large-scale atmospheric transport of moisture and heat into a region. The climate of a particular mountain region may be sensitive to a specific mode of climate variability. At any given time, however, it could also be influenced by different modes of climate variability that are operating at different phases and strengths. Understanding these relationships is useful for assessing short-term regional climate tendencies, which could help in facilitating short-term climate predictability and preparedness.
In this chapter we discuss the influence of climate variability and large-scale atmospheric circulation, as well as their interactions, on the different mountain cryospheric systems globally. Because the nature of large-scale atmospheric circulation and teleconnections that affect a region's climate is unique to that region, the following sections elaborate on this discussion with a focus on selected high-elevation regions, including (a) the European mountains, (b) the North American Cordillera, (c) the tropical Andes, (d) the Tibetan Plateau and surrounding high-mountain ranges, and (e) Mt. Kilimanjaro in East Africa. For each of these regions the discussion is focused on identifying the important large-scale climate variability and atmospheric circulation that modulates the region's climate. In addition, we briefly discuss the possible influence of anthropogenic climate change on both large-scale and regional processes, as well as possible consequences for the mountain cryosphere.
European mountains
European climate is controlled by the North Atlantic on the one hand, and the heating/cooling of the European continent on the other. Because of a strong maritime influence due to prevailing onshore westerly winds, coupled with a northward movement of warm water up the eastern side of the Atlantic (the Gulf Stream), winters are particularly mild given the high latitude. Europe has two main mountain systems, the first being the mountains of the Caledonian orogeny, extending from the northwestern UK through Scandinavia. The high latitude means that cryospheric systems are well developed, with the largest glaciers being situated in southern Norway at around 1000-1500 m above sea level in the Jotunheimen National Park, and smaller ice fields farther north [1] . These mountains have a milder climate at lower elevations than may be expected due to the dominant westerly circulation, which strengthens across the North Atlantic as it traverses the warm North Atlantic drift. The western (windward) slopes are subject to an almost constant stream of southwesterly winds, bringing high orographic precipitation totals. However, substantial shelter is provided on the leeward slopes. The eastern slopes in Norway and Sweden have much lower rainfall (as low as 300 mm per year in Abisko, Sweden) and a more continental regime.
The second main mountain system is the 'Alpine' belt, which for the purposes of this chapter will include the Pyrenees (between Spain and France), the Alps, and the Carpathians farther east. In contrast to the Caledonian belt, these mountains run from east to west. Thus they act as a divide, with the storm track either passing to the north (across northern Europe) or through the Mediterranean, more common in the winter. Precipitation in the southern parts of the ranges tends to be lighter in summer, as the Azores High extends its influence. Nevertheless, the combination of steep slopes and high-intensity summer insolation can develop thermal circulations and lead to intense convective rainfall.
The dominant westerly flow in the mid to high latitudes can be measured by the North Atlantic Oscillation (NAO) [2] . The index is based on the normalised pressure difference between Iceland and the Azores. A positive NAO (relatively high pressure near the Azores and low pressure over Iceland) is associated with a stronger westerly flow that is shifted pole-ward, enhancing precipitation in the Caledonian mountains, and also sometimes in the Alpine ranges during winter.
